We outline the structure of an automated process to both align multiple bio-ontologies in terms of their genomic co-annotations, and then to measure the structural quality of that alignment. We illustrate the method with a genomic analysis of 70 genes implicated in lung disease against the Gene Ontology.
Introduction
Ontologies are commonly aligned based on similar annotations 3, 7 , requiring validation of the quality of the induced alignment. In this short paper we make describe an approach to automated annotation-based bio-ontology alignment combined with subsequent measurement of the quality of those alignments. We do so using an example from lung disease genomics.
We begin with a list of 70 genes implicated in lung diseases. These are annotated to the Biological Process (BP) and Molecular Function (MF) branches of the Gene Ontology (GO 4 ). The Cross Ontology Analytics tool (XOA, http://xoa.pnl.gov, 10, 12 ) is then used to generate proximities between pairs of nodes in the BP and MF branches. The XOA scoring allows generation of putative alignments between BP and MF nodes, and then Joslyn et al.'s order-theoretical approach 6 is used to measure the structural quality of the generated alignments.
Lung Disease Genomics
The impact of genomics to study classes of diseases has yet to be fully realized. Research about lung diseases, focused on the cancers and other pathologies of specific tissue types, will benefit from systems analysis of cellular pathways and processes implicated in the presentation of disease states 9 . Genomic and proteomic analysis via ontological representations of gene product location and function has enabled the construction of predictive functional networks awaiting experimental validation 5 .
We identified a set of 70 genes through our work in lung development and disease to evaluate the contribution of ontological alignments to further refined experimental hypotheses. We iden- 
Alignment Generation
XOA automatically generates links between BP and MF nodes based on their common annotations. Information theoretical approaches 8 are effective within one hierarchy. But because they require that similarity between two GO codes be computed in terms of the informational content of the most immediately dominating parent GO code, they cannot link GO codes across distinct gene subontologies. The vector space model approach obviates this limitation by computing the similarity between two GO codes as the cosine of vectors that encode the gene annotation associated with the two GO codes 1 . XOA combines these two approaches by turning relational links across GO codes into hierarchical links 12 .
We model semantic hierarchies as finite, bounded, partially ordered sets (posets) P = P, ≤ 2 , with nodes a ∈ P as ontology concepts related by is-a links through ≤. The XOA similarity between the GO node a ∈ P and the GO node a ∈ P is then
where cos(a, a ) denotes the cosine measure 11 between GO nodes a ∈ P, a ∈ P in the GO node × gene annotation matrix, and sim(a, b) denotes Resnik's information theoretical similarity measure 8 between GO nodes a, b ∈ P. An XOA analysis of the GO nodes annotated to our 70 test genes reveals 1970 BP-MF pairs l := a, a which are significant, with p ≤ 5%. Each such pair of anchors is a potential link between BP and MF.
An ontology alignment is a mapping f: P → P taking anchors a ∈ P in a semantic hierarchy P = P, ≤ to those a ∈ P in another P = P , ≤ . But a BP node a ∈ P which has a high XOA score with an MF node a ∈ P is also likely to have a high XOA score with other MF nodes b ∈ P . The complete set of 1970 links l yields a many-to-many alignment relation F ⊆ P × P . We need an alignment function f: P → P with all left anchors appearing only once, so we sort the links by XOA to select the highestscoring links a, a where a or a appears. These 36 one-to-one links are shown in Table 1 .
Alignment Evaluation
We measure the structural properties of f shown in Table 1 (see 6 for more information). But our primary criterion is that f should not distort the metric relations of concepts, taking nodes that are close together and making them farther apart, or vice versa.
For two ontology nodes a, b ∈ P, their lower distance
where ↓ x = {y ≤ x} is the set of all descendants of x, and a ∧ b is the set of greatest lower bounds (glbs) below a and b. If a and b lack a glb, we assume a bottom node 0 ∈ P which is below all the leaves. The dual
is also available, where ↑ x = {y ≥ x} is the set of all ancestors of x, and a∨b is the set of least upper bounds (least common subsumers). Upper distance may appear more natural, but is not generally preferable for technical reasons related to the desire for e.g. siblings deep in the hierarchy to be closer together than siblings high in the hierarchy. While in general it may be preferable to use both in combination, in this paper we use lower distance only.
We can measure the change in distance between a, b ∈ P induced by f as the distance discrepancy 
Note that we use δ f to indicate that this is an overall discrepancy of a with respect to the entire alignment f. Also note that since f is one-to-one, it is invertible, so ∀a ∈ P, δ f (a) = δ f (f(a)) and ∀a ∈ P , δ f (a ) = δ f (f −1 (a )). Thus we can denote δ f ( l) = δ f (a) for l = a, f(a) , which is also shown in Table 1 . Fig. 1 shows an abstract representation of a portion of the GO involving the top four scoring XOA links and the top two δ f links. In general, we are pleased with the quality of the links provided by the XOA scores coupled with the one-to-one link filtering. It is a good sign that the nodes that did come up as significant are ones that make sense in the light of the gene list context (development). With one exception, the top 6 to 8 linked nodes represent molecules and processes associated with cell motility and with known regulators of cellular differentiation, such as the hedgehog signaling pathway. The frequency of nodes associated with motility underscore the importance of cellular migration during differentiation.
Discussion and Further Work
The distribution of XOA vs. δ f is shown in Fig. 2 . It can be seen that the XOA scoring method produces a strong alignment, with links having generally low δ f scores. There are two exceptions which deserve further study to improve the analysis: The lower distance d l (a, b) involves the numbers of nodes below a, b, and both of them. Thus from Fig. 1 Table 1 for descriptions). Matching nodes are indicated by color and link numbers. Ancestors are shown, up to the BP or MF root, but all interior nodes are collapsed. Below each anchor is the number of descendant nodes. There are no common nodes below any pair of anchors.
ontology is close to its comrades. This is clear in Fig. 1 , and thus our method identifies these links which are clearly significant by XOA, but also distant from the other links.
δ f provides a measure only about ontology structure, and there may be reasons in ontology design or annotation for high δ f to be preferable, e.g. if it were important that annotations be made high in the structure in some cases. The results would also be different if there were common nodes below pairs of anchors, which is entirely possible in the GO DAG structure with multiple inheritance, especially if the anchors were higher. Finally, note that the number of descendants is correlated both with level in the GO, and the information content (probability) of a node used in semantic similarity calculation. These correlations need to be explored in future work. Further work for a full paper includes:
• There are potential difficulties of mixing experimental and inferential annotations, as reported here, these should be analyzed separately.
• The analytical pipeline needs to be tested for sensitivity at multiple points, especially the filtering to one-to-one links: it is likely that there are links which re-use an anchor which have only a slightly different XOA score, but would produce a preferable mapping according to δ f . Additionally, the alignment measurement method 6 originally was designed to work on many-to-many alignment relations F ⊆ P × P , so extensions in this direction may be desirable.
• We have begun analysis on the distribution of δ f as a function of p-value cutoff.
• Other aspects of the alignment measurement methodology 6 need to be incorporated, including: reconciling the use of upper distance together with lower distance; and the additional use of an order discrepancy measure, which rather than being sensitive to the distances between links, measures order violations (e.g. mapping siblings to parent-child links) implied by an alignment.
